INTRODUCTION {#sec1-1}
============

Inflammation is a protective response to local injury. Inflammatory responses mediated by various immune cells can eliminate the initial cause of injury, clear out necrotic cells, and initiate tissue repair. However, deregulated inflammation leads to overproduction of pro-inflammatory cytokines, which can cause exacerbate tissue damage and chronic inflammatory diseases.\[[@ref1]\] Macrophages play essential role in inflammation. Compounds that can regulate macrophage activation may be used for the treatment of chronic inflammatory diseases such as asthma, atherosclerosis, and rheumatoid arthritis. Lipopolysaccharide (LPS) treatment of RAW 264.7 murine macrophages induces the production of inflammatory mediators, including nitric oxide (NO), tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, and IL-6\[[@ref2][@ref3][@ref4]\] and have been widely used to assess the anti-inflammation effects of compounds.\[[@ref5][@ref6][@ref7][@ref8]\]

*Radix Saposhnikoviae* (RS, Fang-feng in Chinese) is dried root of *Saposhnikovia divaricata* (Turcz.) Schischek (*Umbelliferae*), which is mainly distributed in Northeastern and Northern China.\[[@ref9]\] RS is a well-known traditional Chinese medicine that has been commonly used in the clinical compound prescription to treat common colds, headache, rheumatoid arthritis, and eczema in China and other Asian countries.\[[@ref9][@ref10][@ref11]\] Pharmacological experiments have demonstrated the anti-inflammatory, analgesic, antipyretic, antioxidation properties of RS.\[[@ref10][@ref11][@ref12][@ref13][@ref14][@ref15][@ref16][@ref17]\] Several kind of compounds have been isolated from RS, including chromones, coumarins, mannitol, glycoside, and polyacetylenes.\[[@ref18][@ref19]\] The major active constituents of RS are considered to be chromones and their glycosides.\[[@ref10][@ref18][@ref20][@ref21]\] Prim-O-glucosylcimifugin (POG) \[[Figure 1](#F2){ref-type="fig"}\] is the highest content chromone of RS.\[[@ref17]\] It was reported that POG suppressed LPS-induced nitrite production in RAW 264.7 cells\[[@ref12]\] and exhibited significant anti-inflammatory function on mouse ear inflammation.\[[@ref11]\]

![Structure of prim-O-glucosylcimifugin](PM-13-378-g002){#F2}

The present study was aimed to further explore the anti-inflammatory activity of POG in LPS-stimulated RAW 264.7 macrophages and investigated possible mechanisms. We found that POG inhibited LPS-induced production of NO and several cytokines, expression of inducible NO synthase (iNOS) and cyclooxygenase (COX-2) in a concentration-dependent manner. The activation of JAK2/STAT3 in response to LPS was also blocked by POG treatment.

MATERIALS AND METHODS {#sec1-2}
=====================

Cell culture {#sec2-1}
------------

RAW 264.7 murine macrophages were obtained from American Type Culture Collection (Rockville, MD, USA) and cultured in Dulbecco\'s modified Eagle\'s medium (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS, Gibco^®^ Life Technology, Carlsbad, CA, USA), penicillin (100 units/mL, Solarbio, Beijing, China), and streptomycin (100 μg/mL, Solarbio). The cells were maintained at 37°C in a 5% CO~2/~95% humidified atmosphere, subjected to no more than 20 cell passages and utilized for experimentation at approximately 60%--80% confluence.

Cell viability {#sec2-2}
--------------

Cell Counting Kit (CCK-8, Dojindo Laboratories, Tokyo, Japan) was used to determine the cytotoxic concentrations of POG. In brief, the Raw 264.7 cells were plated at a density of 1 × 10^4^ cells per well in a 96-well and incubated overnight. Cells were then stimulated with 1 μg/ml LPS (Sigma, St. Louis, MO, USA) and treated with various concentrations of POG (15, 50, and 100 μg/mL; MedChem Express, Princeton, NJ, USA) or dimethyl sulfoxide (DMSO, Sigma; control cells). After incubation at 37°C for 24 h, CCK-8 solution was added to each well and incubated for another 1 h. The absorbance was measured at 450 nm using a microplate reader (Emax, Molecular Devices, Sunnyvale, CA, USA). The cell viability was defined as the percentage of control cells:

Cell viability (%) = Absorbance of POG-treated cells/absorbance of control cells × 100%.

Cell activation and treatment {#sec2-3}
-----------------------------

RAW 264.7 cells were seeded to 6-well plates (5 × 10^5^ cells per well) and incubated overnight. Cells were then stimulated with 1 μg/ml LPS (Sigma) and treated with various concentrations of POG (15, 50, and 100 μg/mL) or DMSO. After an additional 24 h, supernatants were collected for evaluation of cytokine concentration and NO production, and cells were harvested for real-time polymerase chain reaction (PCR) and Western blotting analysis.

Lentiviral infection {#sec2-4}
--------------------

The full-length murine STAT3 was cloned into the lentiviral expression vector pLVX-puro (Clontech, Palo Alto, CA, USA) by Genewiz Company (Shanghai, China). RAW 264.7 cells in 6-well plates were infected with STAT3 expressing (STAT3) and control (Vector) lentivirus. After 24 h, cells were stimulated with 1 μg/ml LPS (Sigma) and treated with 100 μg/mL POG or DMSO. After an additional 24 h, supernatants were collected and cells were harvested.

Measurement of nitric oxide production {#sec2-5}
--------------------------------------

NO production in the medium was measured according to the Griess reaction method as previously described.\[[@ref22]\] In brief, equal volumes of cultured medium from treated cells and Griess reagent (Jiancheng Bioengineering Institute, Nanjing, China) were mixed and incubated in the dark for 10 min. The absorbance at 540 nm was determined with a microplate reader (Molecular Devices, Sunnyvale, CA, USA).

RNA extraction and real-time polymerase chain reaction {#sec2-6}
------------------------------------------------------

Total RNA was extracted from treated cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and reverse transcribed with cDNA synthesis kit (Thermo Fisher Scientific, Rockford, IL, USA), according to the manufacturer\'s instructions. Real-time PCR was conducted on an ABI 7300 real-time PCR machine (Applied Biosystems, Foster City, CA, USA) using qPCR SYBR Green Mix (Thermo Fisher Scientific, Rockford, IL, USA) with GAPDH as internal control. The following cycling parameters were used: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, 60°C for 45 s. The gene expression was calculated using the ΔΔ Ct method. The primers used were list as follows: iNOS (NM_008713.4), 5'-TTGTCTGCGGCGATGTCAC-3', and 5'-TGCGTATGCGGCTTGTCAC-3'; COX-2 (NM_011198.3), 5'-CCTGGTCTGATGATGTATGC-3', and 5'-GTATGAGTCTGCTGGTTTGG-3'; GAPDH (NM_008084.2), 5'-ATCACTGCCACCCAGAAG-3', and 5'-TCCACGACGGACACATTG-3'.

Western blotting and antibodies {#sec2-7}
-------------------------------

Treated RAW 264.7 macrophages were washed twice with ice-cold PBS and lysed in ice-cold radioimmunoprecipitation assay buffer (RIPA, Beyotime, Shanghai, China). 25 μg of total proteins was separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membrane (Millipore, Bedford, USA), and the nonspecific binding of antibodies was blocked with 5% skim milk. The membranes were then incubated with primary antibodies and corresponding secondary antibodies (Beyotime). The signals were detected with enhanced chemiluminescence (ECL, Millipore). The target bands were quantified using Image J software (<http://rsb.info.nih.gov/ij/>, Bethesda, MD, USA) with GAPDH as internal control.

Antibodies against COX-2, GAPDH, JAK2, p-JAK2, and STAT3 were obtained from Cell Signaling Technology (Danvers, MA, USA) while anti-p-STAT3 and anti-iNOS were from Abcam (Cambridge, MA, USA).

Enzyme-linked immunosorbent assay analysis {#sec2-8}
------------------------------------------

Concentrations of TNF-α, IL-6, and IL-1β in the culture medium were assessed by enzyme-linked immunosorbent assay (ELISA). Assays were performed according to the instructions of the manufacturer (Bio-Swamp Life Science, Shanghai, China). Plates were read at 450 nm (correction wavelength 570 nm) using a microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Data analysis {#sec2-9}
-------------

The results were presented as means ± standard deviation from three independent experiments. One-way ANOVA was applied to analyze the statistical significance of the differences between the study groups. Differences were considered to be statistically significant at *P* \< 0.05.

RESULTS {#sec1-3}
=======

Effects of prim-O-glucosylcimifugin on cell viability of RAW 264.7 macrophages {#sec2-10}
------------------------------------------------------------------------------

We first measured the cytotoxicity of POG to LPS-activated Raw 264.7 macrophages. Raw 264.7 macrophages were treated with LPS (1 μg/mL) and increasing concentrations of POG (15, 50, and 100 μg/mL) for 24 h and cell viability was evaluated by CCK-8 assay. As shown in [Figure 2](#F3){ref-type="fig"}, cell viability was not significantly affected after 24 h and exposure to 15--100 μg/mL POG as compared with DMSO-treated cells (control).

![Effects of prim-O-glucosylcimifugin on cell viability with a Cell Counting Kit. RAW 264.7 cells were exposed with lipopolyssacharide (1 μg/mL) and various concentrations of prim-O-glucosylcimifugin (15, 50 and 100 μg/mL) or dimethyl sulfoxide alone. Cell viability was assessed 24 h after treatment and expressed as percentage of the dimethyl sulfoxide control. All values are means ± standard deviation (*n* = 3)](PM-13-378-g003){#F3}

Prim-O-glucosylcimifugin treatment inhibits lipopolysaccharide-induced nitric oxide production in RAW 264.7 macrophages {#sec2-11}
-----------------------------------------------------------------------------------------------------------------------

To investigate the anti-inflammatory effect of POG, we examined whether POG could affect NO synthesis in LPS-activated RAW 264.7 cells. Macrophages were treated with LPS (1 μg/mL) and various concentrations of POG (15, 50, and 100 μg/mL) for 24 h. No concentrations were measured in the culture supernatants by Griess reaction. As shown in [Figure 3a](#F4){ref-type="fig"}, the concentrations of NO in the culture supernatants were markedly increased in response to LPS exposure, and POG significantly inhibited LPS-induced NO production in a concentration-dependent manner.

![Effects of prim-O-glucosylcimifugin on lipopolyssacharide-induced NO and cytokine production. Raw 264.7 cells were incubated in a medium containing lipopolysaccharide (1 μg/mL) and various concentrations of prim-O-glucosylcimifugin (15, 50, and 100 μg/mL). Cells treated with dimethyl sulfoxide were set as control. The amount of nitrite (a), tumor necrosis factor-α (b), interleukin-6 (c), and interleukin-1β (d) in the medium was monitored at 24 h after exposure as described in Materials and Methods. All values are means ± standard deviation (*n* = 3). ^&&&^*P* \< 0.001 versus control; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 versus lipopolysaccharide-treated cells; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.001 versus lipopolysaccharide and 15 μg/mL prim-O-glucosylcimifugin-treated cells; ^\$\$^*P* \< 0.01 and ^\$\$\$^*P* \< 0.001 versus lipopolysaccharide and 50 μg/mL prim-O-glucosylcimifugin-treated cells](PM-13-378-g004){#F4}

Prim-O-glucosylcimifugin inhibits cytokine production in lipopolysaccharide-treated macrophage {#sec2-12}
----------------------------------------------------------------------------------------------

TNF-α, IL-6, and IL-1β are crucial cytokines involved in response to LPS.\[[@ref3][@ref4]\] To explore the effects of POG on TNF-α, IL-6, and IL-1β secretion by activated macrophages, cytokine concentrations in the cultured supernatants of treated RAW 264.7 cells were assessed by ELISA. LPS stimulation significantly increased cytokine production of RAW 264.7 cells, which was notably suppressed by POG exposure (15, 50, and 100 μg/mL) dose-dependently \[Figure [3b](#F4){ref-type="fig"}--[d](#F4){ref-type="fig"}\].

Prim-O-glucosylcimifugin inhibits lipopolysaccharide-induced expression of inducible nitric oxide synthase and cyclooxygenase 2 {#sec2-13}
-------------------------------------------------------------------------------------------------------------------------------

iNOS and COX-2 serve as key mediators of inflammation\[[@ref23][@ref24]\] and could be induced by LPS and several cytokines.\[[@ref25]\] We then assessed the inhibitory effects of different concentrations of POG on the LPS-induced expression of iNOS and COX-2. Stimulation of the RAW 264.7 cells with LPS evidently upregulated the mRNA and protein levels of iNOS and COX-2 as determined by real-time PCR and Western blotting, respectively \[[Figure 4](#F5){ref-type="fig"}\]. POG inhibited the expression of both proteins in a dose-dependent manner.

![Effects of prim-O-glucosylcimifugin on the inducible nitric oxide synthase and cyclooxygenase 2 expressions of lipopolysaccharide-stimulated RAW 264.7 cells. RAW 264.7 cells were treated with lipopolysaccharide (1 μg/mL) and various concentrations of prim-O-glucosylcimifugin (15, 50, and 100 μg/mL) and harvest at 24 h posttreatment. Cells treated with dimethyl sulfoxide only were set as control. (a) mRNA expression of inducible nitric oxide synthase and cyclooxygenase 2 was detected by real-time polymerase chain reaction with GAPDH as internal control; All values are means ± standard deviation (*n* = 3). (b) Protein expression of inducible nitric oxide synthase and cyclooxygenase 2 was detected by Western blotting. Representative Western blots (upper panel) and quantitative results (lower panel) were shown. All values are means ± standard deviation (*n* = 3). ^&&&^*P* \< 0.001 versus control; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 versus lipopolysaccharide-treated cells; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.001 versus lipopolysaccharide and 15 μg/mL prim-O-glucosylcimifugin-treated cells; ^\$^*P* \< 0.05, ^\$\$^*P* \< 0.01, and ^\$\$\$^*P* \< 0.001 versus lipopolysaccharide and 50 μg/mL prim-O-glucosylcimifugin-treated cells](PM-13-378-g005){#F5}

Involvement of JAK2/STAT3 signaling {#sec2-14}
-----------------------------------

JAK/STAT pathway is considered to be involved in the upregulation of iNOS and COX-2 in H~2~O~2~ preconditioned cells.\[[@ref26]\] [Figure 5a](#F6){ref-type="fig"} showed that LPS-activated JAK2/STAT3 phosphorylation was blocked by POG treatment in a concentration-dependent manner.

![Involvement of JAK2/STAT3 signaling. (a) RAW 264.7 cells were treated with lipopolysaccharide (1 μg/mL) and various concentrations of prim-O-glucosylcimifugin (15, 50 and 100 μg/mL) and harvest at 4 h posttreatment. Cells treated with dimethyl sulfoxide were set as control. p-JAK2, JAK2, p-STAT3, and STAT3 were detected by Western blotting. Representative Western blots (left panel) and quantitative results (right panel) were shown. All values are means ± standard deviation (*n* = 3). ^&&&^*P* \< 0.001 versus control; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 versus lipopolysaccharide-treated cells; ^\#^*P* \< 0.05 and ^\#\#^*P* \< 0.01 versus lipopolysaccharide and 15 μg/mL prim-O-glucosylcimifugin-treated cells;^\$^*P* \< 0.05 versus lipopolysaccharide and 50 μg/mL prim-O-glucosylcimifugin-treated cells. (b-d) RAW 264.7 cells were infected with STAT3 expression lentivirus or control vector lentivirus (Vector). After 24 h, cells were treated with lipopolysaccharide (1 μg/mL), and dimethyl sulfoxide or 100 μg/mL prim-O-glucosylcimifugin. The amount of nitrite (b) and cytokines (c) in the medium was monitored at 24 h after exposure. Protein expression of inducible nitric oxide synthase and cyclooxygenase 2 (d) in RAW 264.7 cells was detected by Western blotting. \*\**P* \< 0.01 and \*\*\**P* \< 0.001 versus Vector + lipopolysaccharide; ^\#^*P* \< 0.05 and ^\#\#\#^*P* \< 0.001 versus STAT3 + lipopolysaccharide;^\$^*P* \< 0.05,^\$\$^*P* \< 0.01, and ^\$\$\$^*P* \< 0.001 versus POS + lipopolysaccharide](PM-13-378-g006){#F6}

To further investigate the involvement of STAT3, RAW 264.7 cells were infected with STAT3 expressing or Vector lentivirus, and then treated with LPS and 100 μg/mL POG or DMSO. As shown in Figure [5b](#F6){ref-type="fig"}--[d](#F6){ref-type="fig"}, STAT3 overexpression partially reversed the effects of POG on NO production, cytokine production, and iNOS and COX-2 expression. These data suggested that POG exerted anti-inflammatory effects through suppressing the activation of JAK2/STAT3 pathway.

DISCUSSION {#sec1-4}
==========

For many years, RS has been commonly used to treat common colds, headache, rheumatoid arthritis, and eczema.\[[@ref9][@ref10][@ref11]\] Chromones and their glycosides are major active constituents of RS.\[[@ref10][@ref18][@ref20][@ref21]\] POG is the highest content chromone of RS\[[@ref17]\] and known to exhibited anti-inflammatory function.\[[@ref11][@ref12]\] TNF-α, as the primary mediator of the systematic toxicity of LPS,\[[@ref27][@ref28]\] can induce the secretion of cytokines such as IL-6 and IL-1β.\[[@ref29]\] These cytokines are mainly produced by macrophages and play a key role in inflammatory conditions. NO is a free radical generated by NO synthase and serves as an important cellular second messenger. NO induces tissue injury at the inflammatory site.\[[@ref30]\] In the current study, we demonstrated the potential of POG to decrease the LPS-induced production or expression of NO, TNF-α, IL-6, and IL-1β \[[Figure 3](#F4){ref-type="fig"}\] and further confirmed its anti-inflammatory function.

Previous studies have shown that COX and iNOS are involved in chronic inflammatory disease. LPS and inflammatory cytokines in the macrophages have been found to induce both iNOS and COX-2.\[[@ref23][@ref24][@ref25]\] Here, the mRNA and protein expression of iNOS and COX-2 were induced by LPS exposure while significantly decreased by additional POG treatment \[[Figure 4](#F5){ref-type="fig"}\]. Our data suggest that POG modulates iNOS and COX-2 expression at the transcriptional level.

JAK/STAT signal pathway plays a pivotal role in mediating the biological response for inflammation. It has been reported that JAK/STAT signaling is involved in LPS-mediated iNOS production.\[[@ref31][@ref32]\] In H~2~O~2~ preconditioned cells, JAK/STAT pathway contributes to the upregulation of iNOS and COX-2.\[[@ref26]\] In this study, POG inhibited the phosphorylation of JAK2 and STAT3. STAT3 overexpression partially reversed the inhibitory effects of POG on iNOS and COX-2 expression \[[Figure 5](#F6){ref-type="fig"}\]. Thus, it seems that POG modulates iNOS and COX-2 expression through regulating JAK2/STAT3 signaling although the mechanism is needed further study.

CONCLUSION {#sec1-5}
==========

We determined that the POG has anti-inflammatory potential in LPS-activated Raw 264.7 cells through suppressing the activation of JAK2/STAT3 signaling and through inhibiting the expression of iNOS and COX-2.
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